Abstract Mangrove areas are important to the ecosystem. One of its crucial functions is as a sink of pollutants, especially metal ions. However, the accumulation of metals in mangrove sediment can generate negative impacts on plant growth, microbial activity, and soil fertility. Apart from that, the severity of the impact is highly influenced by the type of metal found in the sediment and the quality of sediment itself. One of the metals that have adverse effects on the environment is mercury. The objectives of this study are to determine the concentration and distribution of mercury and to assess the enrichment of mercury in Port Klang mangrove sediment by using geoaccumulation index and enrichment factor. Sediment samples were collected from 30 sampling points that cover Langat River and Klang River estuaries, Lumut Straits, Pulau Klang, and Pulau Indah. During sampling, water parameters such as pH, salinity, electrical conductivity, and total dissolved solids were measured in situ, whereas the total mercury in sediment samples was determined at the laboratory using inductively coupled plasma mass spectrometry. In this study, mercury was found to be concentrated along Lumut Strait especially in the mixing zone near the confluence of Langat River and at the jetty to Pulau Ketam. The geoaccumulation index and enrichment factor (calculated using logarithmized data of the reference element) found that three stations were enriched with mercury. In addition, geoaccumulation index was also observed to be more objective compared to enrichment factor whose results were influenced by the concentration of reference element used.
Introduction
Mangrove area is an important ecosystem due to its functions as shelters for coastal area from erosion caused by waves, as feeding and breeding ground for aquatic organisms, as a sanctuary for wildlife (Chong 2006) , and as a sink for pollutants (Tam and Yao 1998; Kamaruzzaman et al. 2004; Praveena et al. 2008 Praveena et al. , 2010 . Apart from that, it also has economic importance through activities such as aquaculture, fisheries, logging, and tourisms that are done in the area (Chong 1998; MPP-EAS 1999; Chong 2006) . Because of this, mangrove areas provide an interesting site for the study of metal enrichment especially for mercury since it can have adverse influence on the various function and services provided by the mangrove ecosystems.
Mercury (Hg) in the environment is considered to be a threat to all living things, including humans. This is due to its toxicity and accumulative properties in organisms and plants. It was reported that high concentration of mercury in plant can reduce and affect its photosynthetic integrity (Israr et al. 2006) . Mercury was also found to affect the plant mineral uptake (Cho and Park 2000; Patra and Sharma 2000) , transpiration (Godbold and Hüttermann 1988) , and membrane structure integrity (Ma 1998) .
Mercury in trace amount can be found naturally in the environment. However, elevated mercury can be caused by anthropogenic activities such as the manufacturing of paint, battery, the processing of pulp and paper, the usage of pesticide and fungicide in agriculture, mining and smelting, fallout from power plant, sewage input, and various other anthropogenic activities (Förstner and Wittmann 1979; Israr et al. 2006; Walker 2009 ). The mining of gold, silver, and mercury itself can also contribute to the elevated mercury concentration in the environment (Israr et al. 2006) . Apart from that, mercury accumulations in mangrove are also influenced by the presence of mercury binding substance such as sulfur-containing sediment (low oxygen content), three-layer clay (e.g., illite and montmorillonite), and also the amount Fe/Mn oxides and organic matter in the sediment (Förstner and Wittmann 1979) . In the natural environment, mercury can be transformed between its inorganic or organic form, and this transformation can occur through the biotic or abiotic process (Bjerregaard and Andersen 2007) . Therefore, a higher total mercury concentration in a particular area may results in a higher concentration of organic mercury, which is generally considered to be more dangerous because it is easier for organisms to take up, absorbed, and retain organic mercury compared to inorganic mercury (Bjerregaard and Andersen 2007) .
A study by Yap et al. (2003) on surface sediments in the intertidal area have found several sites along the west coast of peninsular Malaysia that have elevated total mercury concentration, which can be caused by anthropogenic activities. The study by Law and Singh (1987) found that the mercury concentration in Klang estuary water ranged between 0.1 to 6.5 μg/L with the mean being 1.69 μg/L, while the sediment was found to have mercury concentration ranging from 0.03 to 0.40 mg/kg of wet sediment and the mean being 0.2 mg/kg. Sakamoto et al. (1999) reported that the concentration of mercury in the sediment sample from Port Klang was 163 μg/kg on a dry weight basis.
Port Klang mangrove area was chosen as a study site due to its location, which receive pollution input from its surrounding area due to industrial, agricultural, shipping, and shipyard activities. Apart from that, the area also receives inputs from two of the main rivers in the state of Selangor, namely the Klang River and Langat River. The two rivers flow through urban, commercial, industrial, and agricultural areas, thus receiving inputs that may contain mercury, such as effluents or sewage discharge, which were later transported to the estuaries located in Port Klang. Therefore, this study was done with the objective to determine the concentration and distribution of mercury and to assess if there is any enrichment of mercury that occurs in Port Klang mangrove sediment. In order to assess whether there is any accumulation or enrichment of mercury occurs in the mangrove sediment, the geoaccumulation index (I geo ) and enrichment factor (EF) were calculated from the mangrove sediments collected and analyzed.
Methods

Site description
Port Klang (3°0′0″N, 101°24′0″E) ( Fig. 1) and Fisheries Malaysia 1970) showed that the soil properties in Port Klang are made up of gley soil with alluvial soil on marine and riverine alluvium and subrecent alluvium or gley soil on marine clay (saline gley soil and acid sulfate soils). Studies on the mineralogy of gley soil in river deltas such as those found in Port Klang have reported that the prevailing clay mineral in swamp or poorly drained soil is montmorillonite (Abdou et al. 1980) , while alluvial deposit in tropical lowland area was also observed to be rich with smectite (which normally consisted of montmorillonite (Fusová 2009) ). This is because of the occurrence of erosion upstream, which transfers the smectite to the estuaries (Breemen and Buurman 2003) . A study by Taha et al. (2000) also found that the sediment in Port Klang consisted of montmorillonite (42 %), illite or hydrous mica (24 %), kaolinite (21 %), and microline (13 %). Species of mangroves which can be found in Port Klang are Ceriops tagal, Lumnitzera littorea, Sonneratia alba, Sonneratia caseolaris, Avicennia officials, Rhizophora mucronata, Rhizophora stylosa, Rhizophora apiculata, Bruguiera parviflora, Bruguiera gymnorhiza, and Bruguiera cylindrical (Frankham et al. 2004; Jusoff 2008) .
Sample collection and analytical procedure
The sampling was done in July 2010. Sediment samples were collected from 30 sampling stations that cover the estuary of Langat River, Klang River, Lumut Straits, Pulau Klang, and Pulau Indah. The locations for the sampling stations were determined prior to the sampling and positioned in a way where it can reflect the general condition at the study site while at the same time enabling the determination of the source or point of entry for mercury into the mangrove environment in Port Klang. During sediment sample collection, water parameters such as pH, salinity, electrical conductivity, redox potential, and total dissolved solids were measured in situ using Mettler Toledo model SevenGo Pro-SG7 (conductivity, salinity, and total dissolved solids (TDS)) and Mettler Toledo model SevenGo Pro-SG78 (pH, temperature, and redox potential) that had been calibrated according to its standard operational procedures prior to sampling. Surface sediments samples of 0-5 cm deep were taken in three replicates using Ekman's Grab or a plastic scoop. The replicates were then homogenized in a plastic tray that had been rinsed with the water from the sampling station before it was put into a double ziplock plastic bag and kept in an icebox prior to transporting it to the laboratory. At the laboratory, all the sediment samples were air-dried before being analyzed further to determine its pH, salinity, and electrical conductivity.
In order to determine the pH, salinity, and conductivity of the sediment samples, a mixture of sediment: Milli-Q® water at a ratio of 1:2 was prepared. The mixture was stirred intermittently for 30 min. It was then let stand for an hour before the measurements were taken using Mettler Toledo multi-meter model SevenGo Pro-SG7 (conductivity and salinity) and Mettler Toledo multi-meter model SevenGo Pro-SG78 (pH). All measurements were done in triplicates.
The determinations of ferrum in sediment samples were done based on the aqua regia method described by Radojević and Bashkin (2007) . The aqua regia solution was prepared by adding 150 mL of HCl solution (130 mL concentrated HCl + 120 mL of Milli-Q® water) with 50 mL of concentrated HNO 3 and mix. Sediment samples used for this analysis were air-dried to constant weight and sieved using 121 μm mesh size sieve to standardize the sediment particle size used for Fe and mercury analysis. Samples with particle size >121 μm were used for analysis because it represents the common sediment particles size in estuaries (Gibbs et al. 1994) and mangrove area, which normally consists of very fine sand, silt, clay, and colloid. One gram of the air-dried sediment was placed inside a Kjeldahl flask. About 15 mL of aqua regia solution was added to the sediment, and it was then let stand overnight. The next day, the sample was heated at 50°C in the heating block for 30 min. Then the temperature was raised to 120°C and maintained there for 2 h. After the sample cooled, 10 mL of 0.25 M HNO 3 was added. The extract was then filtered through a Whatman 0.45-μm cellulose nitrate membrane into a 50-mL volumetric flask and then makes up to mark with 0.25 M HNO 3 . The concentration of ferrum in the extract was then determined using inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer Model Elan DRC-e). The amount of ferrum in the sediment was then calculated using the following equation:
Where:
C The concentration of metal in the extract (in micrograms per milliliter) V The volume of extract (in milliliter) M The weight of sample (in gram)
The mercury extraction procedures done were based on ultrasound-assisted mercury extraction methods proposed by Collasiol et al. (2004) with some modifications where the sonicator used in this study was a bath sonicator (Daihan DH.D250H) as opposed to probe sonicator used by Collasiol et al. (2004) . The chemicals used in this analysis were of analytical reagent grade. Ultrapure water from a Milli-Q® purifier system was used. All sediment samples were air-dried so that constant weight was obtained before it was sieved through a 121-μm mesh size sieve. One gram of the sieved sediment was put into a 50-mL volumetric flask. Then, 15 mL of concentrated nitric acid (Merck, Darmstad, Germany) was added and let stand for 30 min. KCl (Merck) salt was then added in the amount of 0.075 g and filled up to mark with ultrapure water. The KCl was added to improve mercury leaching from the sediment sample (Collasiol et al. 2004 ). The volumetric flask containing the samples were then sonicated in a bath sonicator filled with ice water at 70 W for 180 s. Ice water bath was used to avoid mercury loss by volatilization due to heating. After sonification, all samples were transfer to a centrifuge tube and centrifuge at 2,700 rpm for 2 min. The extracts were later analyzed using ICP-MS to determine the total mercury content. It should be noted that the ratio of KCl, which is 0.15 % (m/v), was maintained in the event where the extracts were too concentrated and needed to be diluted.
Calculation of geoaccumulation index and enrichment factor
The I geo and EF were calculated for this study to determine if there is any enrichment of mercury that occurs in Port Klang mangrove sediment. It is also a convenient way to measure geochemical trends, and it will enable the comparison between areas to be done. However, there are limitations to these indexes such as difficulty in getting the background and reference element concentration if there is no past baseline research done for the study area.
I geo was introduced by Müller (1969) as a way to determine the enrichment on the geological substrate. Since then many studies on metals pollution utilized I geo as a way to determine contamination of soil and bottom sediment, (Loska et al. 2003) . Numerous research studies on mangrove sediment also utilize this index as it is considered to be an effective and meaningful way to explain sediment quality (Karbassi et al. 2006; Preveena et al. 2007a, b; Fernandes et al. 2012) . I geo calculation determines contamination by comparing current metal concentration with metal concentrations that are accepted as background level. The background metal concentration is multiplied with 1.5 to take into account the natural fluctuation of the element in the background. I geo is calculated using the following equation:
C n Mercury content in sediment analyzed (in micrograms per kilogram) B n Background content of mercury (in micrograms per kilogram) in this study, the background mercury concentration used was 30 μg/kg based on the average mercury concentration in the central part of the west coast of Peninsular Malaysia as reported by Yap et al. (2003) .
The I geo results obtained were then used to determine the contamination levels of mercury. Generally, the results can be interpreted into seven classes (Table 1) .
EF is also a common tool used to measure the geochemical trends in mangrove sediment (Praveena et al. 2007b; Fernandes et al. 2012) . The EF can also be used to assess the contamination level of sediment and other media as well. EF can be calculated as follows:
C n Concentration of the measured element at the study site (in micrograms per kilogram) Iron (Fe) was chosen as the reference element in this study because it is associated with fine solid surface (such as found in mangrove sediment); its geochemistry is close to that of trace element and its concentration tends to be uniform in natural sediment (Daskalakis and O'Connor 1995; Naji and Ismail 2011) . However, since there were no available data on Fe background value for the study area, the Earth's crust Fe concentration which is 50 g/kg (or 5 % of the Earth's crust) was used as the reference element in this study. Other reference elements normally used are zinc (Zn) (Mendiola et al. 2008) , aluminum (Al), manganese (Mn), and scandium (Sc) (Loska et al. 1997 (Loska et al. , 2003 Olubunmi and Olorunsola 2010) . The criteria that should be considered when choosing a reference element are as follows: it should have low occurrence variability and the presence in trace amount in the environment (Loska et al. 2003) . Elements that are available in a considerable amount in the environment (such as Fe and Al) can also be used as long as it does not have any synergy or antagonistic effect on the metal that is being evaluated (Loska et al. 2003) . The EF result can be classified into five enrichment categories (Table 2) .
Results and discussion
The result of descriptive analysis for water and sediment parameters can be seen in Table 3 . The coefficient of variation (CV) for all sediment and water parameters measured was less than 30 with the exception for mercury. Water pH at the study area ranged from almost neutral at PK 10 (pH 7.02±0.01) to slightly alkaline at PK 17 (pH 7.72± 0.00). PK 10 also recorded the lowest water salinity (12.89± 0.33 ‰), conductivity (21.83 ± 0.21 mS/cm), and TDS (10.85±0.15 g/L), while PK 12 recorded the highest water salinity (28.00±0.10‰), conductivity (43.50±0.20 mS/cm), (Table 3 ). This can be seen from obvious disparity in total mercury concentration between the highest and the lowest which was 212.55±8.45 μg/kg at PK 7 and 0.37±0.00 μg/kg at PK 18. The second highest mercury concentration was recorded at PK 28 (166.98±7.02 μg/kg) and PK 1 (99.83±5.64 μg/ kg) (Fig. 2) . Based on this result, both PK 7 and PK 28 had exceeded the Canadian interim mercury guidelines for river and marine sediment where the threshold limit is 140 μg/kg (Gaudet et al. 1995) , while PK 7 also exceeded the interim environmental guidelines for mercury in China's soil, which is 200 μg/kg (Wu et al. 1991) . One-way ANOVA analysis on the sediment samples found that total mercury concentration was significantly different (p<0.05) between sampling stations. Post hoc test done shows that mercury concentration in the sediment from station PK 1, PK 2, PK 7, and PK 28 was significantly higher (p<0.05) compared to the other stations. This indicated that the accumulation of mercury in mangrove sediment may occur at a higher rate at these stations as opposed to the rest of the station.
The distribution of mercury in Port Klang mangrove area was found to be concentrated at the mixing area near the confluence of Langat River and Lumut Strait along the shore of Pulau Indah, especially at PK 1, PK 2, and PK 28. The elevated concentration of mercury in PK 1, PK 2, and PK 28 may be due to the sedimentation of mercurycontaminated suspended solids or particles transported from the upstream of Langat River. As water from Langat River flows downstream, the currents slowed as it meets the tides in Lumut Strait thus encouraging the sedimentation of suspended particles transported from the upstream. However, stations such as PK 26, PK 27, and PK 29 that were located near the Langat River mouth do not have elevated mercury concentration. This can be due to the higher water velocity in this area, which exceeds the sinking velocity, thus inhibits the sedimentation of suspended material (McDonnell and Buesseler 2010) carried by water from Langat River. 1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930 A trend can be seen that the nearer a sampling station was located to the Langat River estuary, the higher mercury concentration in its sediment. This implies that Langat River may have been the source of mercury input in Port Klang mangrove sediment. The presence of industries such as pulp and paper mills, metal smelting, and chlor-alkali plants (Förstner and Wittmann 1979; Huber 1997 ) that operates in the Langat River basin may contribute to mercury concentration by releasing its wastewater into the river. In the previous study, it was reported that greywater discharge from commercial activities, office building, and residential area might increase mercury concentration in sediment (Wang et al. 2004; Eriksson and Donner 2009 ). Mercury in greywater may come from the usage of cleaning products such as bleach, detergent, soap, and a variety of products that may contain significant levels of mercury (Huber 1997) . A study in Nordhavnsgaarden, Denmark shows that greywater from residential areas can have mercury concentration of up to 36 μg/L (Eriksson and Donner 2009) . Apart from that, mercury originating from amalgams filling used in dentistry may also enter the greywater through the act of teeth brushing, which can release 0.28-2.4 ng of mercury per minute (Eriksson and Donner 2009) . Leachate from municipal waste landfill where mercury-containing products such as batteries, fluorescence light bulb, paints (Carpi 1997) , and other electronic waste is also a potential source of mercury pollution to the aquatic environment (Wang et al. 2004 ). Due to this, industrial, commercial, residential, and agricultural area along Langat River which channels its effluent and waste water into the river could have contributed to the mercury concentration in the water that was later transported to the estuary.
High concentration was also detected at station PK 7, which was located at the jetty to Pulau Ketam. Due to its location, this station receives considerable input from Klang River, South Port and especially from the various commercial, shipping, and boating activity that occurs at the jetty. Oil spills and residue from vessels which come to dock at the jetty were found to have accumulated in the sediment and this could have contributed to the elevated mercury at PK 7. This is because petroleum and its derivatives have been known to be a source of mercury input to the environment (Wilhelm 2001) . A study by Bloom (2000) has found higher distillates of hydrocarbon such as petrol, and diesel can contain an average of 1.32±2.81 μg/kg of mercury. Due to this, the burning of fuels by the boats and ferries at the jetty may contribute to the deposition of mercury at PK 7 and thus causing elevated mercury concentration in its surface sediment.
It is important to note that the location of PK 7 at a busy jetty also raises concern about the potential for remobilization of mercury due to erosion cause by propeller-induced turbulence as observe in other busy ports (Lepland et al. 2010) . The remobilization of the mercury-enrich sediment may threaten the mangrove ecosystem.
A comparison of the two indexes found that the I geo (Fig. 3) shows lower classification of mercury enrichment in Port Klang mangrove sediment compared with the classification obtained by EF (Fig. 4) . This can be seen where there were only three stations found to be enrich with mercury when assessed using I geo , while assessment using EF found eight stations classified as enriched with mercury. I geo calculated for station PK 1 (I geo 1.15) and PK 28 (I geo 1.89) classified these stations as moderately contaminated by mercury, while station PK 7 (I geo 2.24) was considered to be moderately to strongly contaminated and the rests of the stations were classified as uncontaminated. Results of the EF on the other hand found most of the stations in Lumut Strait, which reside along Pulau Indah coastline, to be enriched with mercury in its sediment. These stations namely PK 2 to PK 6 were found to experience moderate mercury enrichment and PK 1 was classified as significantly enriched with mercury while PK 7 and PK 28 were considered to have very high mercury enrichment. In order to resolve the disparity in I geo and EF results, a method used by Loska et al. (2003) which use the logarithmized data set of the reference element (which is Fe in this study) for the calculation of EF (or EF log ) was employed. The logarithmized data set of the reference element was done to normalize its distribution result (Loska et al. 2003) and to reduce the variation in the data set. The application of logarithmized data had caused a decreased in EF value, and it is now less scattered compared to when the calculation was done using the initial Fe data set (Fig. 4) . It can also be seen that the number of stations classified as enrich with mercury decreased from eight stations to just three, which is similar to the result obtained when assessment was done using I geo . Based on this result, it does appear that I geo is more objective than EF in determining enrichment of elements in sediment. However, this condition can be due to the use of Fe abundance in the Earth's crust as the reference element concentration in the EF calculation. Since the Earth's crust is made of heterogeneous mineral assemblage, the concentration of elements at any given point on the earth surface may deviate significantly from the global average (Reimann and de Caritat 2005) . Because of this, the usage of average crust concentration for the calculation of EF may not reflect the true enrichment level in the study area and can result in over or underestimation of EF (Reimann and de Caritat 2005) .
The elevated mercury concentration and high mercury enrichment, especially at PK 1, PK 7, and PK 28 does raise some concern for the health of the mangrove ecosystem in the area. In Trinidad, high mercury concentration in mangrove sediment was reported to cause mutation in mangrove trees (Klekowski et al. 1999) . Mercury absorbed by mangrove trees from the sediment can be released back into the environment through litterfall (Ding et al. 2011 ). This litterfall would decay and become food for aquatic organisms in the area and thus entering the food chain. Eventually, mercury enrichment in the area will not only cause adverse effect to flora and fauna but also to those who harvest fish, mollusk, and crustaceans in the mangrove area (Klekowski et al. 1999 ).
Conclusion
The results obtained from this study show that enrichment of mercury in mangrove sediment in Port Klang area was concentrated along Lumut Straits, especially in the mixing zone near the confluence of Langat River and at the jetty to Pulau Ketam. Sediments from stations that were located farther from Langat River and Klang River were generally not enriched with mercury. The I geo and EF log calculated for all the sampling stations give an almost similar enrichment classification to stations that had elevated mercury concentration, especially once the EF was calculated using logarithmized data of the reference element (Fe).
Using I geo and EF log , sediments in PK 1, PK 7, and PK 28 was found to be enriched with mercury. PK 1 and PK 28 were found to be moderately contaminated, while PK 7 was moderately to strongly contaminated according to I geo . However, based on EF log , PK 1 was classified as experiencing moderate enrichment, while PK 7 and PK 28 were having significant enrichment.
Therefore, based on this study, the I geo is more of an objective tool to classify enrichment level compared to EF since the result of EF is highly influenced by the concentration of reference element that was used in the calculation.
